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ABSTRACT

The various phases of the research program on Radioc Direction
Finding at the University of Illinois are outlined, ’

The first part of the program, ncw essentially completed, con-
sisted of a thorough survey of the literature on radio direction finding,
This part resulted in Technical Feports Nos. 1, Z and 3, which are bibli- {

ographies and abstracts of articles and reports on all aspects of the radio

dircction finding problem., As a result of this survey several general con-

cluasions have been drawn,

N ol v N b

i, & lazgs propertion of ths effort already expended on direction

finding has been in developing and improving conventional systems. The proba-

i vaeamdabe

bility of radical improvements resulting from further work along these same
lines is not tco great.
2. This does not exclude thé very geccd possiblility that greatly

improved systems may result from the application of new electronic tech-

Ty
-

niques, which meke feasible certain schemes once considered impractical, i

oo ind

3+ 1t is noted that, with the exception of techniques like dot-

lock, which make use of the element of time, most present-day systems

feacd

axtract no mcre actual information from the incoming signal than did the

original rotatable loop system,

e ——— O S A

The second part of the rgsearch program, now in progress, con-
§ sists of several theoretical and experimental projects, the need for which
E 2 was indicated by the survey. Under actual operaiing conditions whers
; ) several waves arrive al the receiver simultaneously (due to scattering
and multipath transmission phenomena) the conventional direction-finder
o
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is incapable of giving a correct bearing, becauses it does not obtain suf-
ficient information to solve for all the unknowns. A wave interference
study is in progress to determine what information is available, and how
mach informaticen is necessary, in order to resolve the component waves.,
The experinental part of this program is concarned with the effects of
the pick-up antennes on the interference pattern. Preliminary results
indicate tha% wide-aperture antenna systems (extencing over several wave-
lengths) are necessary for accurate separation of the waves. One such
wide~aperture system is being investigated. Detailed analysis has also
been made of information obtainable from ordinary crossed-Adcock (aﬁall
aperture) systems. It is concluded that conventional small aperture
systems do not uiilize all the information available. It is shown that
with suitable connections to ths antenna slements, it is theoretically
pcssiple to obtain suffieient infeormaticn from a small sperturs system
to separate out two waves. Work continuea to determine how practical
this method might be. To facilitate this latter work an antenna simu-
lator is being built,

Because the "super-gain" antenna array is cne type of small
aperture system, theoretically capable of sufficient directivity to resolve
the seperate viaves, such arrays have been investigated. It is shown that
due Lo Lheir extremely low effective radiation resistance such arrays are
not practical for direction-~finder use.

"o i« sare rapidly the operaticn of different types of direction-
Tinder systems under conditions where more than one wave is present, the
D-F System Analyzer has been developed. By feeding in voltages correspond-
ing to the arrival of one or several waves this device gives direct answers
as to the relative accuracy of different systems under such conditions.

-2 -
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The effects ¢f changing antenna eperture, number of antenna elements, method
of detection, etc., can be explored rapidly and thoroughly, so that time-
consuming analyses or costly experimental-installations arc avoided.

One of the '"new'" d-f systems being investigated is the Doppler—
effect system. This shows promise ae a wide-aperture system, Whether it
has definite advantages over other wide-aperturs systems is as yet unde-
termined., Jts possibilities are to be explored with the D-F System Anzly-
zer,

A preliminary study of an instantaneous, wide-apeirturs system is
being started. In order to adequately display the information received by
such systems, an eight-beam cathode-ray tube presentation system is under

construction,
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INTRODUCTION

E. C. Jorden

The purpose of this report 2z to summarize briefly some of the
cbjectives and present acstivities of the radio direction-finding research
program af the University of Illinois, The research program was undertaken
to investigate the basioc problems of direotlon~finding, with the ultima%e
objeotive of evolving a direotion-finder system whiok would approach more
olosely to the ideal, The "ideal" direction finding system is oonsidered
to be one oapable of giving an accurate; instantaneous bearing on a signal
of any frequency coming from any direotion,

In order to acquire tho necessary baokground, and 4o avoid repeat-
ing work already done slsewhere, a thorough survey was made of the literature
on direction finding. The great sxtent of thie literature (some 4000 papers

. and reports have been recorded) emphasizes the fact that many capabls indi-
viduals and organizations have already worked on the problems of dirsotion
finding, However, the major portion of this effort hae beon applied to the
development and improvement of what might be oslled oonveniional systems,
Beoause of thie, it is felt that the probability of radical improvements
arieing from further work aiong these lines is smell, The best possibillitles
for major advances sesm to lis in applying new eleotrcnic techniques to ths
problems, or in determining and overcoming certain fundamental failings
common to all ocnventional systems, In this oconnestion it is noted that most
systems, hoviever complicated they may *o, extrasot no more information from
the vlectromagnetioc field than de the simple orossed-loop or orossed-Adcock

systems.

-04-

S e DA R T

S



2

oF !

il dis 2o o DT s e L s o L T T

The several thsoretiscal and experimental projects now being worked
on ars consistent with the above oonolusions., In actual operation, beoause
of scattering, reradiation and multipath propagation phenomena, thers are
uvsually several waves arriving at the collsotor system. Under these condi~
4ivns the conventional radio directisn finding system is incapable of giving
the ocorreot bearing tcoauss it does not obtain enough information to solve
for all the unknowns, The problem thsn is to determine how mach infurmation
is neoessary, the typs of antenna system required to extract it, and the
best methods of operating on and presenting the information obtained, The
problem divides naturally into two parts: the first is an elieotromagnetioe
field and anterna problem; the second is & ocircuit and systems problem,

The wave interference study is ooncerned with the problems of how
much informetion is required to separate the several waves, how munh can bs
obtained, and what is the optimum configuration of probes to obtain this
information, The results obtained so far indicate that irn the presence of
more than one wave wide-aperture systams (that is, antenna systems large in
wavelengths) are neoessary for an aocurate indication of 2ireotion of arrival,
For this reason the major emphasis is being placed upon such systems., How-
ever, because in many applioations wide-aperture systemas are entirely out of
the question, the possibility of obtaining suffiocient information from esmall
aperture systems is algso bteing investigated., In this oonneotion the analysis
of oconventional systems has shown that, if the proper steps are taken, addi-
tional information osn be obtainad from small aperture systems, sufficient
(in theory at least) to separate out two waves and indiocate their respective
direotions of arrival, Although the method may pruve impractical in ~pesration
1t is to be tried out in a laboratory experimental set-up,

—5—
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Cne type of small aperturev system whish is knovmm to be capable of
resolving waves from different directions is a super-gain antenna array,
Viith such arrays i% is pesslble, theorstioally, to obtein arbitrarily sharp
directivity with an array of given length, A study has been made of the
directivity and impedance characteristics of several of these arrays. It has
been found that as soon as an attempt is made to obtein high-gain with arrays
of small aperture, the offective radiation resistance of the array decreases
rapidly to the point where it beoomes impraotisable, In & reoceni papers,
Chu has oonsidered this problem muoh more generally and hes showm that the
bandwidth of such aystems decrsases rapidly to zero asz the aperture deoreases.
Aftsr oollecting the information with a large or small aparture
antenna system it 1s necessary tc cperate on it in order to putl the informa-
tion in a form suitable for presentation., There are a great many diiferent
ways, both tried and untried, for doing this, and the various methods give
rise to different systems of direction finding. Although a separate analysis
nould be carriaa through on eacsh system for each of the many sombinations cf
erriving waves, such analyses are laborious and time-consuming, and the
comparison of different systems is diffioult, On the cticr hand the purely
experimental approach in which each system complete with antennas is set up
and tried out in the field is costly and subject to the difficulties of un-
known or uncontrollable varliables, To avoid the difficultiss cf toth of these
approaches, the direotion finding system analyzer was devised, In this
dsvise whe voltages which would exist at the terminals of the antenna system

in the presence of one or more waves are calouiatscd, and these voltages,

* L. J, Chu, "The Physiccl Limitation of Direotive Radiating Systems",
presonted at I.R.E. National Conventicn, March 1948,
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ocbtained from an osoillator through appropriate attcnuation and phase-shift
retworks, are fed to the system {or a suitable model of it) under test. This
arrangement makes possible the rapid exploration of the effeot of ohanges in

any of the many variables. sush as antemna aperturs, direction, magnitude and

.

phase of arriving waves, different methods of deteotion and of presentation.
In its initial applioation the system analyzer will be used to explore the
operation of the Doppler Effect method of direction finding, upon whioch e con-
siderable amount of analytizal worlk hae alraady been done by the group. In

partisular, the parformance of the Doppler Effect metho# under oconditions

s e il e kil gl L e s W

of more than one wave arriving is to be investigated, and sompared with that

of & ocommon Srossed-Adoock system,
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I "TERATURE SURVEY
John Myers
Nicholas Yaru

The first task undertaken by the Direction Finding Research
Group was a literature survey, intended to acquaint the members of the
group witn the radio direction finding problem and incidentally to gather
together a ready reference of all published material., The first published

result of thie survey was Technical Report No. 1, Bibliography of Published
Articlss on Radio Dirsctjon Findinz, dated Juns 1, 1947, This report con-
tained a comprenensive listing of radio direction finding articles published
in this country and throughout the world from the early beginning of direc-
tion finding to the present,

Technical Report No. 2, Abstracts of Published Articles on Radio
Direction Findine, dated Ssptamber 1; 1947, contained abstracts of about 450
of the articles listed in the bibliography: only the articles considersd
most important and relevant to the group!s work were abat.x'&ctéd. This
report of abstracts was prepared initially for the group's use, but it
was decided that the results of the survey should be made available to
others working in the field.

Inasmuch as the wartime work in the field of radio direction
finding was generally unavailable in the literature, and because much of
the work will never be published, a thorough searcnh of resczarch files of
the government and commerclal concerns was undertaken in order to list as
completely as possible all written reports. This search culminated in the
group's Technical Report No, 3, a bibliography of repcrts on radic direc-
tion finding, dated February 1, 1948.

-8 -
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In order to make complete the literature survey, a Bibliography

and Abstracts of Patents on Redio Direction Finding is being prepared and

will be published in the near future, The publication of this report will

: . complete the work on this phasc of the group'a program, but it is intended
| §
that ths group will keep an up-to-date listing of all patents and papers
i written in the field. When the number so warrunvs, supplements to the

bibliographies willl be published.
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DIRECTIUN FINDINC ON SIGNALS CONSISTING
OF MORE THAN ONE RAY

E. C, Iayden
J. D. Goech
R. H. DuHamel

In a simple linearly-polarized plane wave, the wave-fronts, or
equiphase surfaces, are perpendicular to the diraotion of propagation,

Most of the direction finding systems in use at present are designed to
determine the direction of arrival of such a wave; in most cases the wave
should be wertiocally polarized, The direotion finder usually looates,
either direotly or indireotly, an equiphase surface, Then the direotion
of arrival is assumed to be perpendinular to this surface, If the arriving
wave departs from the ideal oondition, the measured bearings are subjeot
to srror, the amount arnd type o error depending on the partioular system,
Such departwros from the ideal zondition may, for example, take the form
of; 1) arrival of the wave from an appreciable vertiocal angle, 2) rotation
or elliptiocity of polarization, 3) multipath propagation, or L) combina-~
tions of these,

In this study we ars partioularly interssted in the multipath
phenomena, There are two aspects to the problem; 1) détermination of the
direotiona of srrival of the rays at the direction findsr location (the
resolution of the total field at the direction finder into component raynr)
and 2) location of the transmitter emittinrg the signai, tai.ing into account
the irregulaf pathé traveled by the reys, For the present wa are ooncerned
with the first portion of the problenm,

When a signal arrives at the receiving looation over a single
nath 1% ueually approximates a plane wave, If, however, the same signel

- 10 -
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is received over two paths having different directions of epproech to tha
receiving site, the equiphase surfaces of the ocombined field are in general
neither plane nor perpsndicular to the direction of arrival of either ray.
The presence of more than two rays of ocourse further ccmplicatez the picture,

The basic problem in unsorambling the rays is to discover, for a
given situation, what information is available in the field, what portions
of this information are needed to determine the dirsction of arrival of
tha rays, and how to obtain this information by actual measurements, The
situation illustrated in Plate 1 will serve as an example, This situation
is comparable to that which sxists when two ground-wave rays arrive at a
receiving loocation, If the two paths are stable (no fading) the ocombina-
tion of the two rays produces a standing wave pattern. The configursticn
of the pattern depends on the directions of arrival of the rays, their
relative amplitudes, their polurizaticns, and their phase differencs,

In Figure 1 of Plate 1, the rays are geparated by an angle, 2 ol.,
of 30°, The x and y axss are chosen so thet the x axis biseots the angle
between the rays and so that both rays have the sume phase at the origin,
The eleotris vector is assumed to be perpendicular to the page, The looci
of the maxima and minima of the standing wave pattern are shown, Thely
locations are given by the following equations:

erlimy W@ m n_[o, ¥, Bpasgaes
8in ‘-1; ‘2’0000000..

1 2 LI RN
Minima; y = (2n+l) A n -{0’ P
sin ol L‘lo "2ao..o'o.o.o
Note that the locations of the maxima and minima depend only oun A eand &\ ;
they are independent of the strengths of the rays., Also plotted in ‘igure 1

are the equiphase surfaces for three valucs of K (K is derined to be the

1l -
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ratio of the strength of ray #2 to the strength of ray #1). The equiphase
surfaces shown in this plate have the same phase as that cf the two rays at

the origin. Thesv surfaces may be piotted from the following expreassion:

y = “._ﬁ_ér__lu'o tan [l*k tan/g_ﬂ__{'cosﬁj-n A n -;)’1'2"'""
T s =R Y e T
Figure 2 of Piato 1 is similar to figure 1, exoept that X = 22.50
There are several distinctive features about the field patterns
1llustrated in this plate: 1) the looi of the minima (or maxima) in the
standing wave pattern are parallel to the biseotor of the angle between the
rays; this is true regardless of the size of ths angle and the relative
emplitudes or phases of the rays; 2) the distance between adjacent minima
(or maxima), measured in a direotion perpendiouler to the bisestor of the
angle between the rays, depends on the wavelength of the signal in spaoe
and on the angle betwesen the rays; this distance is equal to A /(2 sinol),
and varies from /2 vhon the rays are separated by an angle of 180° toward
infinity when the rays both arrive firom the same direciicn; 3) "on the
average", the equiphase surfaces are perpendioular to the stronger ray; thus
the direotion of the stronger ray could de aprroximated by use of an equiphase=-
surface~looating device having a wide enough aperture so that it would give
the "average" direotion of the surface, rather than the direotion at a
partioular point,
The direoctions of both rays can be caloulated from & knowledge
of the wavelength of the signal, the distance between adjacent minima, and
the fact thut the minima are parallel to the biseotor of the angle between
he rays, 3his is not th3s only set of information that oan be usad but is
one possibility, There of oourse remains %o be solved the problem of ob~

taining and presenting the information quiokly, aocurately, and conveniently,

-12 -
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Most direction finders do not obtain, or at least 4c not use,
enough information from the field to permit unsorambling the rays, A large
part of our problem is to disocover how much and what information must be
obtained from the field in order to accomplish this end, Ther. «f oourse,
means of obtaining this information by actual measurement must be worked out,

One very important aspect of this problem is the question of the
rinimum possible size of a system which will obtain suffioient, and suf-
fioien%ly acourate, information to separate the rays, In other words, over
how great an area mugt measurements be made to get the necessary data? What
is the smallest aperture that can be used?

Miorowave systems oan distinguish between two rays if they are
separated by a large enough angle; the size of the angls required depends
on the beam-width of the antenna array, Howevsr, this tecknique beoomss
impractiozl, or et least difficult aad oostly, at lower frequencies beoass
of the large site of the antenna system required to give sufficient dirsc-
tivity. It would be very helpful tc kzcw whether it is possible to Build a
system whioh does not require as much space as the type just mentioned, and
if so, the size to whioh the systiem can be reduoced,

Work on super-gain antenna arrays disoussed elsewhere in this
report indicates that it is theoretioally possible to get any desired direo-
tivity from an antemma array as small as one wishes, This seems to indioate
that it is possible, theoretically at least, to build s system of high re-
sclving power in a very small space, However, practical considerations place
& lower limit on the sirze of such a system, Thus, while it seems to be
theoretically possible to build a system that is as small as desired, practi-
cal reasons (sensitivity, bendwidth, limitations on the aocuracy with which

quantities can be measured, etc,) seem to indicate that a fairly large
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aperture may be neoessary., One of the problems to be solved then, is that
cf dotermining (in general if possible, but at least for oertain specific
systems) just how large the aperture needs to be, sonsidering botn the theo-
retioal and practical aspeots of the situation,

In order to confirm theoretical connlusions and to test the feasi-
bility of wvarious systems of obtaining imfsrmation from the electromagnetio
field, an uxperimental measuring system is being used,

One of the difficulties enoountered in putting a proposed system
into pructice is that of the effect of the antenn~ or collsctor gsystem on
the fisld. Curreat flowi;g in one portion of an antenna system affeots
the field ssen by other parts of the system, Some idea of ‘the magnitude of
such effects can be obtained by calculation, but the final proof must come
from aotual operatio. and testing of the system,

Liberal .se is bLeing mads of the modeling teohniques dewveloped in
recent years, A blook diagram of the equipment is shown in Plate 2, At
present a frequency of about 3000 mes is being used, If only one horn ic
excited a simple plane wave can be obtained at a sufficiently large distanoe
from the horn, If both horns are sxcited, an interference field is obtained.
The relative ampiitudes, phases, polarizations, end direotions of arrival
of the twe rays oan be controlled., Thls type of setun permits making
measurements on fields of known configuraticn, as well as providing a method

of ottaining a wide variety of configurations,
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DIRECTION FINDING SYSTEM ANALYZER

John Myers

Robt, Brunner

Douglas Royal

The Direotion Finding System Anelyzer is a devioe designed +:
faoilitate the rapid investigution ond comparison of different types of
direction-finding systems, espnscielly under oonditions of operution where
more thon one wave is preasnt (e.g. reradietion, multi-path transmission,
eto.). With the analyzer the electromagnetio field and antenna system are
replaced by a set of terminals equal in rnumber %o the antenns terminals,
To these terminals are fed voltages of appropriate magnitude and phase to
represent the arrival of one or several waves at tho antenna system. Con-
nections are made from these terminals to the direction finding system (or
& suliable model of it) uudsr test,
This method possesses several very real advantages over both the

straight anelytical and the straight experimental approaches., The analytical
approash can be oarried through for certain ideamlized cases but ‘the analyses
are involved and tiws-Sonsuming s¢ that a complete exploration of all the
variables is not possible. The purely experimental approach in which the
system (complete with antennas) is set up in the field is also a long job,
and for the larger systems, a costly one as well., In addition, there are
unknown yariables, such as reradiation and stray reflections, over which the
experimentor has little or no control, This is a serious disadvantage when
the objeotive is the oomparison of systems under presoribed conditions,
Because of the rapidity with whioh measurements can be made under controlled
conditions 1% is believed that the Analyrer will prove a powerful tool in
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appraising the va.ue of new systems and ccmparing tham with conventional
eystoms,

In the Direotion Finding System Analyzer the voltages at the
antenna terminals of any arbitrary direstion finding system are simulated
by generating appropriate voltages to correspond toc any number of arriving
waves and any number of piskup points, and mixing yhem in a suitable manner,
These resultant vnltages are then available for introduction into any radio
direction finding indicating swstem for préaentation. Provisions have been
made for introduoing the voltages intc the DAK direction finding system for
presentation in the "propelle, pattern"; also, zn electronic switching oir-
ocult has been o~nstrustsd for analyzing ths data obtained iun a Doppler Effeot
direotion finding system, The oonceivable methods for analyzing the deta
are many and are not iimited by the presentation methods herein desorited,

Ir applying the Analyzer to the analysis of a single electromag-
netioc wave, it is necessary orly to compute the phause of the voltages at the

various pickup points, This is a simple set of calculatiocns, This informa=~

[
[«
f3)
]
Hes
cr
o]
i
d—
4
f o]
[N
4%
£
(4]

tion is then introducsd iato ths Analyszer by ssiting
the required phase cnd another dial to the required amplitude, By making
settings corresponding to many directions~of-arrival of the arriving waves,
and further settings corresponding to many time phases of the arriving waves,
oomplete data on the effects of mors than one signal at the collsotor system
of the direction finding may be gathered, Thic will show the effeots of
known ohanges in the arriving waves, changes whish iun siperimental measure-~

ments are sometimes difficult to obtain and to isolate from undesired
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The Analyzer as being built operates at 175 ko., where it is rela-
ilively a simple matter to obtain known phase shifts, By scaling doim to
this frequoncy, the Analyzer in effect 48 a model on which measurementa are
made at frequsncies with which it is easy to work, In a Doppler radio direc=
tion finding system, frr example, the switching (or rotating) rate of the
antenna olements would be sosled down by the same factor as the sarrier fre-
quency in order to retain in the Analyzer the same ratio between these
frequenoies,

By introducing suitable dial settings, it wilil bv poassible to
investigate qﬁantitatively the effeot of colisotor aperture on error, Present
eQidenoe soons to indlicate that oolleotor arrays large in wavelength are
batter able to toke accurate bearings than those of small aperture: the
Aaalyzer offers an easy way to investigate this variabls,

In Plato !4 there is shown piotorially the phase difference of
reosived voltages at the terminals of a lj=element antenna array in the field
of an e,m, wave; the charts beneath the figure give the phase of itho imping=-
ing wave for different angles-of=-arrival and different apertures, where
phases are referred to the centsr of the array,

A rear view of the Annlyzer is shown in Plate 3. Plates 5, 6, 7,
and 8 are block diagrams of the Direction Finding System Analyser os being
constructed, In Plate 5 is eghown the 175 ko, signal generators, which origi-
nate the signal operated on by the phase shifters, Provisions have been
made {0 use either a orystal-oontrolled frequenoy souroe, necessary for
Doppler moasurements, or a variable frefguency osoillator, which is convenient
if the simulaéed voltages are to be applied to the indicator of an existing
direotion finder, The DAK direotion finding system has an i.,f, fregjuency of
195 ke; so it will ke possiblo to tune tho v.f,0, to exact resuvnanoe with
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The phase shif'ters and amplitude controls immediately following
the oscillators give the operator control over the apparent time-phase of
the arriving signals. If the arriving waves take diffsrsnt paths in erriv-
ing at the collector, in general thero will be ar arbitrary phase difference
between them corresponding to the difference in path leagth, There are
shown two branches, with outputs A and B; these provide two separate channels
simulatving the arrival of two signals from the same source, There is no
reagon why there could not be an indefinite number of branches simulating
the arrival of a like number of asignals; but it was considered suffioclont
to provide for the simulation of two arriving waves, at least for the first
model of the Analyzer, The mechanical comsitruction and misectrical oconneo-
tions are such that additional channels may be adidad as dasired,

The outputs A and B are fed inic two identiocal chonrels, shown in
Plate 6. These phase shifters, labeled Spaoce Phase Shifters, allow ths
operator to adjust individu&liy the phases of the voltages corrssponding to
eight separate piok-up points receiving simultaneoualy two waves, For an
Adcook system, only fouwr of the available piock-up points will be used; for
the Doppler systom, however, all eight will be used, and it is likely that
eight additional points will be provided., Thue bank of phase shifters fed
by channel A are identical to those for channel B, The outputs of the indi-
vidual phase shifters are then ocombined in poirs (one signal from A and one
from B) and the resultant outputs supplied to terminals labeled Dys Dpyeceee
Dg. At these torminals there appear the voltages whioch simulate t... voltages
appearing at eight antennas in an e.m, field consisting of two arriving
signals of erbitrary direction, phase, and amplitude, with arbitrary loca%tion
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of the antenna elemonts,

Plate 7 shows the block diagram of the oirouits used for applying
tke voltages to the DAK direotion finding system, The 1inputs Dl' Do D3'
and Dj ooming from the phase shifters in Plate 6 are combined differentially
to give a pair of output voltagos equivalent to the voltoges appearing at
the output torminals of the orossed-loops of the DAK, This pair of equivalent
voltages is thsn fed into the goniometer of the DAK and indioation aoccms
plishcd in the conventional manner., Provisions are made to provide by meuns
of a switoch any of three pairs of wvoltage to the indicater; Position 1 of
the switoh, shown in Plate 7, allows the oposrator to see the bearing of one
of the arriving signals, say, the desired or main signal; Position 2 allows
tho operator to dizplay the oombinaticn or apperent bearing caused by the
presenca of two arriving signals; and Position 5 provides for displaying
the beerings of the undesirod or interfering signal.

Dispiay of the Dopplor direction finding system, dosoribed else-
where in this report, is shown in blook form in Plate 8, The outputs Dl'
D2"""'D8 are applied to the grids of mizer tubes which are goted by a
suituble ring counter, and tho output is taken off of the common plate
impedanoe of the mixer tubos, The ring counter is fired oyclically by on
8000 cyole audio volteze, peaksd suitably for firing the gas tubes of the
counter, Thus, voltoges oorreaspcnding to the eight individual pick-up points
are ohanneled sequentially, with a ropaotition rate of 1000 cycles, into a
vommon channel; caoh of the eight signols is gated for only oue-cighth of
the repetition interval inasmuoh as the eight sharc equally in time the
repetition interval, After being olippod to remove switching transients,
this complex waveform is fed into a phase dcteotor, desoribed elsewhere in

this report,
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The output of the phaso deteotor is sn audio wave with a fundamen-
tal frequenoy equal to the repetition frequenoy (1000 cy:ies) of the ring
sounter, In genernl, this wave will be o distorted sino wave; so it is

& applied to a 1000 cycle band-pass filter, the output of which is then a pure
1000 oycle sipe wave, This sine wave is pscked and used to drive a delay
multivibrator whose dealay is adjustable over about 1-1/4 of the repetition
porisd, The output of the multivibrator is differentiated and olippod, and
the resultant voltaoge is a positive pulse of short dwaticon, oy, 10 micro-

soconds, This pulse is used to intensify a cathode-ray tube, which normaily

s it 5. B i i KA LRAAAC S 500 Ll o bAAIALIIAD i K —awﬂmb&{.'

is ndjustad so that tﬂo ciroular sweep is black,
Four of the pulses from tho ring counter output are mixed together
to form one square wave of a fundamental froquenoy of 1000 cycles; this square 2

5 wave is applied to a 1000 kc, band-pass filter to oxtruct the fundamental

component, The pure 1000 cyole wave is put through a 90° phase shifter; 1
there then iz avaoilabia a pair of 1C00 oycle quadrature voltages which are {
usod to gencrate a circular swoop on the cathodo-ray tube montioned ahsve,
The scroen of the cathode-ray tubo is blaok cxcept when the tubo is intensi~
fiod by the pulsec generated as explained above, The position of the spot

on the tube is an indiostion of the phase differcnoe butwsen the 1l00C cycle
wave from the phase deteotor and the 1000 syole voltage which generates

the sweep. This phase difference is a direct msasure of the angls-of=-arrival

of the e,m, wave at the antenna colleotor, The delay multivibrator previously

mentioned allows the spot to be zerood to correspond to zoro direotion-of=-
arrival, A movable curscr will allow the apparent direction-of-arrival to !

* be read off direoctly in dogrees,

e s e el e e L

In applying the Analyzer to the analysis of a given direotion i
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finiing system, a ochart of phass shifter dial settings will be required for
setting up tho system to simulats the desired antenna oconfiguraticn and
arriving wave directione, Howover, as indioated bofore, tho oaloculations
are quite simple; oaloulatione for any direction-of=-arrival and any antenna
aperture may be made rapidly and will serve as permanent data for setting up
the Analyzcr, Compared to a possible time of, say, weeks for obtaining
experimental or analytioal dats from an actual direotion finding system,

the Analyzer should reduos the amount cf timo and work required for a given
analysis by possibly a factor of 50, And further, any proposed direcotion
finding system may be sot u> simply by setting dials; no oostly oconstruotion
of a complete direction finding svstem should be necessary, The Analyzer

is potentially a veluable instrument for the study of directiocn finding

JYrors,
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ELFCTRONIC PRESENTATION OF DATA

John Myers
] Robert Brunner

In order to display adequately the large amount of information that

ol aon:
[}

it is necessary to extract from the various systems to be investigated, an

eight-gun cathode~ray presentation system is being constructed, The deflec~

ey

tion amplifiers have been designred tc have a band width of about two meza~

T S R il

cycles, Becauss of the size of the Lubé and the many terminals around the

e

periphery at the base (sea Plate 9), the amplifiers are being construcied in

a novel manners the amplifiers for each of the eight ssts of deflection

g o g S TRETITA A

plates and grids ara ldentical, electricaliy end mechanically. and are built
in a turret arranc=ment around the neck of the tube,

It 1s expscied that this multi-gun tube will be of considersble use

T aan i oL S

- in an investigation of instantaneous presentation mcthods because the eight—

guns will allow the simultaneous comparison of the phasas of eight or more

L

' voltages.
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DOFPLER EFFECT RADIO S:RECTION FINDER
Licnel Boulet
Jehn Anderson
To determine direction of arrival of a radio wave the Doppler
direction finder makes use of the change in received freguency which occurs
when an antenna moves in gonie prescribed path, -When the antenna moves

toward ths transmitting source, the received frequency increases, and it

decreaser whan it movas swoy vem the twonmamiétinas courca; the shanse in

frequency is o f = f %, where v is the component of velocity of the antemna
in the direction of propagation of the wave, £ is the carrier fresquency,
and ¢ is the velocity of iight.

For a single vertical antenna rotating about a vertical axis, the

received wavs has the form,

C = A cos ["ct-r:_;\—d cos (a— 0%.-*'5]
as illustrated in Plate 10, Figure 1, where
Gy = angular velocity of the received wave,
N = wavelength of the same wave, -

T1d - distance between antenna and the axis of rotation
A &Xpresssd in radians.

CQ“’: angular velocity cf the rotating antenna.
g = angle of arrival of the radio wave,

With a mechanically rotated slement the frequency deviation of
the received wave is too small at any practical rotational frequency and
valus of ds Therafore a set of fixed antennas with high-speed electronic
switching from antenna to antenna must be considersd,
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The case of a linear array of {ixed antennas commutated in suc-
cesasion vias considered (see Plate 10, Figure 2), The resulting magnitude
of Doppler frequency change is an indication of the angle~-of-arrival of
the wave, Becauss the frequency change is the same for waves arriving at
the same angle tc, but on opposite sides of the axis of the array, there
is an ambiguity of the bearing. This ambiguity can be eliminated by using
another line of antenna pervendicular to the first,

An alternative arrangement is a circular array of fixed antennas
{Plate 11). The abrupt switching frum one anteuna Lo anobher presents pro-
blems in detection inasmucii as disurels jumps m phase cause accompanying
infinite frequency changes. 7To alleviate this, a law of coupling to the
antennas was studied. Though it seems impossible in the light of recent
work to find a law tnat will not dspend on the rece
ture of the system, a linsar law of coupling was found 0 give a close
approximation to the =sinusoidal variation cf phase and :‘requency obtained
in the case of tne single rotating antenna,

Lew of Coupling

Consider two elements in a circular array of fixed antennas. Call
one eleinent, the "nth" element and the next, the "(n 4 1)th" element., It is
desired to find the law of coupling as switching is completed between ihe
two antennas such that the voltage output will have a sinusoidal variation
of phase. Let the voltage received by the "nth" antenna be:

cosful)t‘i’ .2’%1: 0031‘16 - 21.‘.!1:13 and by the "{n + 1)th" antenna be:

cosfw.t + 3-‘;-2 cos[e - _.’_’_kﬂ_‘xg\ , where the notation ?‘.s the same as
for Plate 22, Figure 1. The addition of these two voltages, with the appro-
priate law of coupling, would be required to take the form:

A cos{w 1‘.«’-.31'{1 cos (@ -~ 2T at)
-2 -
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G(t) °°’€w t 23;1.‘. cos [:e o &E}!cn_:_l)]\
+ B(t) co'afw tr&%[‘_!‘_ ccate = &g&])’

= A co{Wt 21,{2‘. cos (@ - 27T at)
Analyzing G(t) and H(t), using calculus of variations, we arrive
at the conclusion that there can be no general law of coupling to give the

desired phase variation which does not specify a change in the angle %T—

betvreer. antennas which was assumed fixed. However, linear coupling, pro-

-t 3.2 mamem  man - - ]
vided %Lher & not lsss sht ontennas in the arrap, gives a clcse

approximestion to a sinusoidal variation,
Interference Phase Pattern

A detailed analysis of the effects of an interfering wave on the
envelope of desired phase varistions is to be presented in a later report.
The results for a single rotating antenna or its elscironic equivalent can
be stated briefly,

Designating the phase variation (see Plate 12, Figure 2) by y'/ 3
it is found to be composed of an original desired function and a series of

errer functions, taking the form:

W awt-r/e coswlt‘i'oksing -9-;:3 sin 2¢+%:3 sin 3¢4’ etc,

e
where X = —% i8 the ratio of amplitudes of the undesired and desired signals
€,

-—

~ - 2]
=4
(A2 ; = rotational anguiir velocity

\
¢ 36 [cos (u)lt -) - coswl‘a‘\'&

© = angle between line of arrival of ) and e,

and X

= random phase between ¢; and e;

~<5-
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Ifgh = 0, thenf) =sit+ cos W ;t as would be expected, If @
is small, the error, designated & e, depends only upon§ and gk,
: T
Se mghsiny ~ Q;,_. sin 2 X4 etc,

Curves showing the effect of varying the quantities that charac-

*erize the interfering signal have been plctted, and a cross section of these
carves has been included in this report, Plate 21 gives a plot of the error
function, .

& e = sing -2:3 sin 2¢+# sin 3§ -4~ etc.
as ¢ varies from 0(:: to 3600. It shows the maximum phase error {act tc 22
confused with bearing error) possible with different values cfz~, and pro-
vides a working curve used in plotting the remaining curves, Plates 22
through 25 give the ertuel phase variation of signal induced in the rotating
antenna, plotted ageainst position around the circle. The paramsters &
and O’ a.nd/e, are chosern to show clearly the effect of different size
apertures on the phase variaiion. In each case the phase variation in
absence of the interfering signal is shown by the dotted curvs, It will be
observed that for an interfering wave having an amplitude squal to one-half
that of the desired wave (@* = .5) the phase error can be as much as 20°,
For the narrow aperture system, that is forﬂ = 45° (radius = N8), the
maximm phase deviation is oaly 90° 8o a phase error of 30° can and will
produce a fairly large bearing error as shown in plates 22 through 25
(curves C), For & wide aperture system, say radius = 5\ , the maximum
phase error remains at 30° forof w..5 but the maximum deviation is now 1800°
so the effect of the interference (that is, the error) is negligible in this
case, This discrimination agaiast the undesired wave is oxactly analogous

to the discerimination against an interiering signal which occurs in wide-
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bend frequency modulation systems. It should be noted that the imprevement
is even hetter than is indicated by the ratio of phassz error Lo maximum
phase deviation, because the phase error shows up ac 2 high-fregquency rizple
superimposed upon the sinusoidal variation, and this ripple can be filtered
out after detecticn. FPlate 26 shows how the frequency of A e increases
with aperture, but its amplitude remains constant.

Ecuipment is under construction to verify thess rusuits expsri-
mentally, and to &xplors the capabilities of the system in oparation,

Describsd elsewhere in this report is equipment uvsed for antenna
simulation by electrcnic means, With the ald of this equipment, it is pro
posed to simulate a fixed-antenna, Doppler type direction findsr, making
pf;ssible a2 test of the 't.heore.i:ical conclusions obtained,

Large aperture systems, which reduce site error, are of main
intersst, and this experimental method seems to offeor a means for fast and
accurate verification, The reception and detaction of this phase-modulated
wave will give a chance to study experimentally different types of phase
discrimination and methods of presentation.
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2, %Interference Problems in Frequency Modulation" by F, L. H, M. Stumpers
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antennas and direct reading phasemster., The possibility of using
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antenna is suggested,
4e Thesis ®Investigation of Doppler Effect in Determining Direction of-
Arrival of Radio Waves," by J, L. L. Boulet, University of I1linois,
September 20, 1947

-27 -

T e Qe

i i Gl i 4

o it e




Ve

» F{§

TGRSR ey o SR

e

T\l are b ] S

@

:4
E
-
£
i

§

a1
¥

Y.
:

hast,

X

SRR O

g el

e

B AT PIRT ST pvr

VIII

ANALYSIS OF FXISTING RADIO DIRECTION
FINDING SYSTEXS

Robert Annis
Harry Williams J

One of the immediate results of the litsrature survey was the
realization of the existence of a large number of radio direction finder
systems. Although no consistent classification of these svstems has been

foand, somo ¢f the more ocommonly used radio direotion rfinders are the

fcllowing:
(a) Automatic bearing indica%or system
(b) Manually rotated loop system
(o) Menually raotated goniometsr system
{(6) Elevatsd-H system
(e§ Watson-Watt or Twin=Chennel, Cathode-Ray Indicator system
(£) Spaced=loop wysism
{g) Nulle~seeking system
(h) 7Visual Matched~line system

Under the ideal oconditions of a single, vortioally polarized
wave arriving at the ocollector of the radio direction finder; eaoh of
the above types will give the true bearing of the wmave, Under actusl
conditions, where multipath transmission may result in more than one
wave oomponent arriving with randem polarization at the antenne system
each of the above systems is subjeot to bearing error and blur, The
merits and demerits of each system are known and have besen covered in
the literature; however, in this conneotion it was notsd that ver& little
analytioal study had been mede of the behavior of the above systems under oon-
ditions of more than one wave arriving at the antenna. It seemed in order,
therefore, to investigate the behavior of mxisting radio dirsotion finders
under this oondition.

A mathematiocal analysis is being made of the nlass of radio direoc=-
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tion finders which functions by virtue of the rotation of thu antenna pattern,

" This rotation pay be affected either by the mechanical rotation of a lecp,

Adcock, crossed loop, crossed Adcock, or crossed-H antenna system respectively,
or by the mechanical rotation of the searth coil of a gondometer suitably con—
nected to a crossed antenna system of one of the above systums. The autcmatic
bearing indicator type cf radic direction finder is of this class.

The initial analysis is based upon the idealized condition of radio
direction finding, i.s., 2 single, vertically polarized, wave arriving at the
antonna system.

Since, for this class of radio direction finder, the electrical out-
put of the antenna system or gordometer is eventually demodulated before ex—
tracting the directional information, the results of the analysis are presented
in terms cf amplitude, phase and {rsgucncy detectien respectively. Generalized
familics of curves show bearing orivr, blur, effect of scnse, and balance
voltage, raspectively, as a functlon of angular displacement of the rotating
elements for each type of detection. Apprcximately 50 pages of curves con—
stitute the body of this analysis. The curves have a very broad application

in that they provide g method of evaluating the above class of radio dircetion

The second rhase of this study is an extension of the analysis to
include the case of the simultaneous arrivzl of two signels of the same fre—
quoney but, vith differing ampiitude; time phase and space phasa (azimuth).

Approximately 25 families of generalized curves have been calculated
for this case. The curves show relative amplitude, blur, and bearing error for
varying amounts of time pliasc, space phass, and urnplitude difference

Certain conclusions (some already known) have beon obtained from theee
analyses. A summary cf the more important conclusions follows:

- 20 =

—




e

i

€,
1

—

rest CBgOTe

b
&
E

L B e i e i o S cxcmme : St ) T

1. The electrical output of the rotating antepna system or rotat-
ing gonlometer consistsz of two slds fregusncies with the carrier suppressed,

2, Tne side-fraquency (carrier frequency } mschanical rotetional
frequéncy) caumponents can have any relative amplitude.

3, Addition of the sense or balance voltage to the abuve electri-
cal output corresponds to a reinsertion of the carrier frequency voltage com—
ponent, It ie shown that the insertion of a sense voltage gives an amplitude
modulated resuitant, and the insertion of a balance voltage gives a phase
modulated resvltant,

4e If the spacing of the elements in the =ntenna array or collec-
tor system is any apprecliable part of a wavelength, integral harmonics of the
rotational fregusncy arc also pressnt, Using a Besselis function expansion,
it is shcun that thc spacing or octantel corror is prodused by the odd har-—
monics of the rotational frequency (any antenna pattern satisfying the
Dirichlet conditions can be represented by a Fourier Serics expansion of
sine and cosine terms having fundamental and harmonic arguments of the rota-
tion freguency).

5. Breunings:¥ has shown that the spacing error of the conven—
tional Adcock System may be reduc:d by the use of more antenna elements in
the array - 8 elements were given as a practical compromise,

6, Under the condition of the simultarecus arrival of two waves of
arbitrary amplitude, azimuth, and time phase, this class of radio direction
find~»s i3 subject to bearing errors of t 90° and blur up to 100%., 4 recon-
nection of the antenna elements to give a different antenna pattern in general

yields different amounts of blur and bearing error for the same condition of

% Breuninger, H. W.; Brauchbarkeitsgrenzen des N-Mast-Adcock-Pellers
Hochfrequaenzteshnik February 1942, p. 50.

Und Elektroakustick
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arriving waves,

7. This last fact sugzests and provides a means of separating two
interiering signals, Thus by using an eight mast Adcook conneotion and then
s sultabls reconnection ¢of antonna eiements o obtain the seocond harmonic an-
tenne pattern, there is obtained a set of readings sonsisting of two bearing
indications and two blur indications. It is then possibls through the medium
of the families of generalized curves to determine the bearing of each of the
interlering signals, Under zoms oconditions the resolution may be poor and
if there are mor® than two waves, it beoomes necessary to use sdditional har-
monic antenna patterns to separate the signals, However, by comparing the
bearinge 2%talaea with the several poscible antemna connections, some indioca-
tion of the probable magnitude of error is obtained,

In order to investigate the feasibility of the operation of & prac-
tical direotion finder in manner of the above, an antenna pattern simulator
has been designed and is ourrently being construcsted, Initially, this device
will funetion ir the audio frequensy range.

In this frequency range there are readily available simple and ao-
ourate means for the generation, ocontrol, and measurement of the amplitude
and phase, respectively, of several voltages of a desired frequency. It is
hoped this deivoe will indicate in a quantitative manner what oan be done to
improve the bearing accuracy of existing radio direction finding systems.

Plate 13 shows the block diagram of the antenna pattern simulator,
assembly of which has been completed, Plates 1, 15 and 16 show blook dia-

grams of several existing radio direction finding systems whioch will be

evaluated by this device,
To . illustrate more coucretely the procedure for determining the
-3) -
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rospective directions of arrival of two interfering signsls, the method out-
lined under oonclusion seven abovs will bs indicated, For the case to be
oonsidered, each of the interfering signalu is assumed to be vertically pola-
rized with respect to the ground plane of he radio direotion finder, Each

signal may have artitrary amplitude, space phase, and tine phase, The colleo-

B R

tor system is ocomposed of eight vertioal antemias equally spaced around the
periphery of a oirocle, A sense antenna may ve placed at the center of the
array. Provisicn is made for the connection of the antenna slements as a

srossed-Adoock array and again as an array producirg a quadrifolium antenna

¥ pattern, The former sonnection will te indicated as the fundamental antenna 2

array, the latter conneotion will be indicated as the second=harmonic antenza

T

array, f
. Certain symbols are defined as folliows:
K = galn of the s3nse antenna and assoociated cirouit,

i K = gain of the Adcock-comnectsd antonna arrey and associated
oircult,

Ke o gain of the second-hermonic antenna array and assooiated
cirouits,

B = field strength of stronger signal.
Ee = fleld strength of weaker sigaal,

a_ s v3zvltant instantaneous voitage output of the sense antenna and
associated circuit,

e = resultant instantaneous voltage output of the fundemczisl
antenne array and aseezlaied oircuil,

8, = resultant instantanecus volitage output of the seoond harmonic
array end nssociated cirocuit,

h = E;/E,, a numeric ratlc sgual 4o or lcas than unity,
€ « anguler setting of the goniometer search coil, i

cﬂ- = spavd phase angle between the reference axis and the direction
of arrival of the stronger signal,

el
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ﬁ = space phase angle between the stronger and the weaker signal,

’

gﬁ = time phase angle betweern the stronger and the weeksr signal,
Expressions for the resultant instantaneous voltage output of the
sense anterma, fundemeéntal antenna array, and second harmonio array, respeo-

tively, huve Lteen developed a3 folilows:

e 1hain
aKElJJ-;-h 2hcoasa coe (wt + tan )

N 'Kl El{*h +2h °°°(‘ﬁ (p) oanome +Ok+tan 1 H#g?'%):?ﬂ

. EJ;J.P*“ +2h cos (- +(p) °°°["‘""e o }1:;1::(:/63 (% ‘p)]

T T
.

B

s

§ e, = K;- 141742 cos (-28-(2) eosh st 20+2elsten™? h sin *(/"i
3 2 =1y i W +h cos
-’E *Ka EIJ 1+4h+2h oo (- 2B+p) coa[ is-28-2cd-tan"} ’1‘ :120%]
é - An expreasion for the relative blurring of the nulls has been developed for
% each type of antenna ocomnection as follows: The blur for the fundamental
% ! antenna array is :
i‘ (s1ur), _(lq-hg + 2h ocy "(-/5-90) - Q.-s-hz + 2h ocs (LM ’ %
E: " Y140 4+ 2h o0s (78-50) + ~I1+h§ + 2h cos (73 +(p)
E The blur for the sevond harmonic antenns array is
_L (Blur), .Y'l+hr+ 2h ocs (-éz- ll+n + 2h cos (-2/3nsh)
v1+h 2h cos (-EB-(p) \‘ 1+h® + 2h cos (-ZBrso)
In pleate _I!._:I_. the (Blur)l $2 2zsumsd o be 40K, The looi are for
fixed values of h in terms ofBand (O, The (Blur), is assumed to be 70%.
The looi are pletted for fixed values of h in terms of/;'/‘)\ and gl .
. The two sets of loci are asclved simultaneously to give ths possible

golutions indicated bty the heavy solid lines, To reduce the number of possible
solutions, Kl is made identicsully equal to K2 and the ratio of o, to °y is then

measured, By exnreossions given above it is seen that the ratio becomes

-33-
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‘E}-l = Jloha + 2h ocs j-?&ﬂ + V,I«»ha + 2h ocos L-2§+w)

. W ———— .

|01' ‘[l-o-h + 2h oos (-B-lp) + y’hhz + 2h ocos (-5+p)
The loci for difforent values of h as a funotion ot‘Bemd ('ﬂ

il

. have bsan piottsd for sn assumed ratic of 02/51 = 0.7, When these loci are
solved simultaneously with the nossible solutions indicated abowe, only four

possible solutions remain (indicated by heavy black arrows on plate 17). If

now the polarity of the fundamental and the second harmonioc antemnna pattera,

respectively, te detormined, thrse ¢f the four pessible solutione are imeom--

TS Y M g

paetible, A unique solution iz thus obtained which gives h,Z, and ¥ for

two interfering signals of arbitrary relative emplitude, relative space phase,

relative time phase, respsotively, There still remains the problem of deter=-

mining the absolute space phase of the stronger signal, This is obtaianed

through the mediun of generalized bearing eorror curvees which can be caloulated,

b From the cursory outline givenr above, it is apparent that the
accurate determination of the direction of arrival ie made considerably more ?

complex by the proseace of one or mors interfering sigunals,

R AT AT T ey

The interesting aspeot of this study is the evident fact that there

is theoretically avallable from modified existing radio direotion finderes

it SRS Wil o e

encugh information to complsisly separate and identify the directions of

3
Eﬁ

arrival of two interfering signals.

The praoticability of this method wiii be evaluated by means of tiu
anterne pattern simulator,

At the completion of these studies, a comprehensive veport is to be

isgued,
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SMALL HIGH-GAIN ARRAYS FOR DIRECTION FINDING

t Nicholas Yaru

]

;9: A study has been made of the applionbility of amall, high-gain

b . arrays {"supor-gain" antennas) to tho direction finding problem, Most oon-

g ventional direction finding systems in the modium and high~frequersy bands

g opernte on the null of the antemna pattern rather thon tho maximui because

t‘_- of the broadness of tha lobe obtained with ordinary Aireotive antsnna systems

}; whioh are small in wavelength, A directive array whioh is oapable of pro=- i

ducing a narrow beam and which is also small in wavelength would he of great

P —

value in direction finding, To determine how praotical such arrays might
be, caloulations wers made of the direotivity, driving-point impedances, and
probable efficiencies of sovoral small, high-gain arrays, Tho resuvlts are

indicatoed by the typlcal examples shown, §

LT

Plates 18 and 19 show oaloulatsd radiation patterns for linear

RRATERERT Ay f P TP ] AR
.

ond~-fire arrays having overall lengths of threo-quarter wavelength and one-

2

gquarter wavelength respectively., Flate 19 compares a 3-element array having

1/8 wavelength spaoing with e 5-eclement array heving the sume overall length

TRy

of 1/L4 wavelength., Plate 18 shows the paiterna of arrays of L, 7, 13 and 25

elements, each array having an over=-all length of 3/l wave length. Plate 18

especlally indioetas the thooretical possibility of obtaining arbitrarily

great directivity with arrays of given lengths, if the clemonts are fed with [

e e

currents of proper magnitude and phase, The relative currents required to
ovtain the patterns of Plates 18 and 19 are shown in Table I,
The driving point impedances, which result for the arcays of Plate

19 for 1/1; wavelength elements and 1/6 wavelength elements, are tabulated

o35-
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Relative Currents in Endfire Arrays

Table X

(These are for 7ortical elements fed against ground, )

PSR I Y SR T SR AN TR ST N ST NI o G DI SR et 7 b V0 = L s

oo oTement array of
‘P artennas spaced é apart

‘Five olement array of
ﬁ antonnas spaced & apart

Tive oloment array of
é antennas spaced %o.part
)

antenna § I;=1.0©
antenna § Io=l,85 )=157.5°
jantenna % Iz=1,0 I=215°
antenna

%

T M8 s o

£
¥

3

t.ntenna

1;=1.0 {©

Ip=3.9 (=17h.L°
I3=5.8 [=348.8°
I)=3.9 [=523.1°
I,m1.0 (697.5°

I,=1.0 |[°

Ip=3.9 [= 17L.L°
I;35.8 L= 348,8°
Ih'3‘9 L= 523.1°
I=1.0 (= 697.5°

Table IIX

Driving Point Impedences - Endfire Arrays

Flve elcment array of
E antennas spaced & apard

¥Ive eloment array of
% antonnes spaced ﬁapart

[Three olemeat array of
% antennas spaced ﬁ apart
antonna 1 21-3.7 +311.8
antenna 2 Za-h.7 +328
antennu 3 23--11.30329
antenna 4

kantonna 5

2,=2.75 - J2

Zy= .75+ Sh.ly
23--=ll; + 36,7
zhn-.ée + L4
Zge 2.4 - 3.6

2,2 =3.9 = 3917
22- -84 - 3.06.2
- 016 o= 3109.14
zh- 1.‘4 = 310603
25- 2.1 o 389.6

It 18 soon that with the olose spaoings and phase relations re-

quired to obtain sharp directivity, the resistive components of the driving-

point impedances ars reduced to extremely low values, being negative in some

oases,

Using these results, the thooretical array efficiencies were ocmputed,

Those array cofficiencies are shown in Table III, and have been obtained on

the basis of assumod efficiencioes of 90% and 70% rospeotively for a single

element radiating by itself,
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Table I1I

Endl'ire Array Efficienolius

Five olemont array of Fi7o olement array of

w1 T ool R §

antennas spaced %; apart antennns spaced Jﬁ apart
- {} o {? 10
&
' Assumed effiociensy Caloulated Assumed efficionoy Calouleted
s of single antenno array efficienoy | of single antsnna | arroy effiolency
9% 2.84% 90% 1%
70% 0.22% 70% 3.12%

It is soen from this table that the array efficiency becomos very

low due to the low values of driving-point resistances {aad hence low effec-

tive radintion resistance of the array), With oloser spaoings this effsot

becomes even more pronounced and the sfficiency becomes wanishingly small,

-

The apparent higher effioiency of the 1/6 wavelength antennas over the I/L
wavelength antennas would bo unobteinable in preactioe because the efficiency #
of a single element would be lewer to start with,

Similar sets of caloulations made for super-gaoin broadside arrays
show essentially the same resuits, Plate 20 depicts the dircctive properties
of two, linear, troadszide arrays of five and nine elements eaoh having an
overall length of l/h wavelength, The properiies of the Tohebyssheff
polynomials ware applied to the problem of determiring the current distribu-

tion in these equispaced arrays which results ir high di.eotivity and low

é
|
B
|
E.
;L
i
i
|
t
3
i
£
i
b
3

side lobes of the crder of 26 docibals dowa on the main lobe, The relative

currouts ocalculated to obtain the aforementioned patterns are shown in

Table IV, These caloulated values show further the impraotiocaiity of small

aperture arrays,
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Table IV
Relative Currents in Broadside Arrnys
Tive Biomont Array Nine Eloment Array |
antenna 1 I, = L0 I, = 1.C :
antenna & I, = -3.8 Io « ~7.9 i;
antenna 3 15 a 2,8 -13 = 27.5 ;
entomna L I, - 3.8 Il& s ~5h,.6
antenna 5 I5 = 1,0 15 = 34,1
antenna 6 Ig = ~54.6
antenna 7 17 = 27.5
anterma 8 Ig = ~7.5
antonna 9 19 = 1,0

It is conoluded that, bYeocause of the rapid rate with which auntenna
effioclency desreases as the array dimensions are roduwoed, hLigh-galn antennas
of dimensions small in wavelengths are nnt practical for direction finding

systems,
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REAR VIEW OF D/F SYSTEM ANALYZER

PLATE 3

TECH. NPT. 4
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DIRECTION OF ARRIVAL

OF E.M. WAVE

 FEs-D/2COS ©
FES-D/2SiN &
EC=+D/2 SIN ©
£48=+D/2 COS ©

ANTENNA ELEMENTS
D/2: ,4
, :
e | o°[10°]|20° 30°| 40° 50° 60°| 70°| 80° 90°
da [2709271°|275%282%291°|3029315°|329% 3447 0°
dp | 90° 89°| 85| 73°| 69°| s8°! 45| 31* | 16°| 0°
dc | 0°! 16°] 31°| 45°| 38°} 69°| 78°! 85°] 89° 90°
$o | 0°[3441329%315°|302 291%282°%27527i*| 270"
D/R2= /2
g | 0°| 19°|20°| 30°| 40°| 50°| 60°| 70°| 80° 90°
9. 1807 182° 191°2041222%244" 2701298% 3497 ©°
¢p |180°179° 169% 156°] 138° 118°] 90° 62°] 31*| ©0°
$c | O°| 31°| 62° 90° 1167 1385 1567 169% 1799 180"
bo | ©° |3499298°% 27072441220 204 19i°] 182°) 180"
PHASES OF E.M. WAVE AT POINTS A,B,5,8D
REFERRED TQ POINT F
PLATE 4
TECH. RPT. o
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FIG. | CASE OF A SINGLE KOTATING ANTENNA

ANTENNA ELE MENT7

/DIRECTION OF

/ PROFAGATICN
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